Mini-transposon-induced mutants with defects in utilization of linear terpenes such as citronellol and citronellic acid were isolated from Pseudomonas citronellolis. Mutants with strongly reduced growth on citronellol and citronellic acid (class I) were obtained together with mutants growing normally on citronellic acid but with impairment in growth on citronellol (class II) and auxotroph mutants (class III). The transposon carrying DNA fragments of two class I mutants were cloned and malate:quinone oxidoreductase gene (mqoB) was identified as the transposon insertion site in both mutants. The mqoB genes of P. aeruginosa and of P. citronellolis wild types were cloned. Conjugative transfer of the mqoB genes to the two P. citronellolis mutants increased the strongly reduced levels of MqoB activity in cell extracts of the mutants to the level of the wild type and restored the ability of the mutants to grow on citronellol and citronellic acid. Physiological analysis of the wild type and of mutants showed that MqoB is part of the glyoxylate cycle in P. citronellolis and is necessary for growth on C 2 -compounds and linear terpenes such as citronellol or citronellic acid.
Introduction
Terpenes are widespread compounds in nature and frequently appear in form of aroma compounds, e.g., such as citronellol (linear terpene) or camphor (aromatic terpene). Terpenes represent one of several subgroups of natural compounds harbouring methyl branched molecule structures derived from isoprene. Examples of other subgroups are squalene, carotenoids, steroids, polyisoprene (rubber). Citronellol (3,7-dimethyl-6-octen-1-ol) is a model compound of linear terpenes naturally occurring in citrus plants where it is responsible for the characteristic flavour of its fruits. Citronellol is also of industrial interest due to its commercial use in food (flavour) and perfume industry (odour); it is one of very few natural occurring repellents of insects (mosquitoes) and is commercially available as a component of outdoor candles with anti-insect capacity.
Utilization of linear terpenes by microorganisms was first studied in the early 1960s of the last century by Seubert and co-worker [1] . Seubert isolated P. citronellolis by its ability to utilize citronellol and related compounds as the sole source of carbon and energy [2] . Linear terpenes such as citronellol are difficult to metabolize because of the presence of b-methyl groups that inhibit b-oxidation. Key enzyme of the citronellol/geraniol degradation pathway is geranyl-CoA-carboxylase. It converts the b-methyl group of the branched carbon chain of geranyl-CoA to an acetate function. After hydratization of the carboxylated intermediate isohexenylglutaconyl-CoA by isohexenylglutaconyl-CoA hydratase the acetate side group is cleaved off by 3-hydroxy-3-isohexenylglutaryl-CoA lyase [3] . The major cleavage product of the lyase reaction (7-methyl-3-oxo-6-octenoyl-CoA) is then degraded by two rounds of subsequent b-oxidation reactions without hindrance by b-methyl groups [4, 5] . The resulting metabolite (3-methylcrotonyl-CoA) is most probably degraded via the leucine degradation pathway that involves another methyl-branched specific carboxylase (methyl-crotonyl-CoA-carboxylase) that is unable to utilize geranyl-CoA as a substrate but that efficiently carboxylates methlycrotonly-CoA. P. aeruginosa and P. menodcina are the only other validly described bacteria beside P. citronellolis with known capacity to utilize citronellol and other linear terpenes [6] . In this study, we initiated experiments to identify genes involved in the degradation pathway of linear terpenes.
Material and methods

Bacterial strains, plasmids and culture conditions
The bacterial strains and plasmids used in this study are shown in Table 1 . P. citronellolis strains were cultivated at 30°C in mineral media [7] with different carbon sources (0.3% sodium acetate, 0.5% glucose, 0.6% sodium succinate · 6 H 2 O, 0.5% malate, 0.1% citronellic acid, 0.1% geranic acid) or 0.8% nutrient broth (NB). Water-insoluble carbon sources (citronellol) were added in the space between the petri dish and the agar (20 lL per plate) and the plates were sealed with parafilm. E. coli strains were cultivated at 37°C in Luria-Bertani media. Solid media additionally contained 1.5% (w/v) agar. A mutant of P. citronellolis resistant to 300 lg/mL streptomycin was isolated by three rounds of repeated transfers of large single colonies to NB agar plates containing increasing amounts of streptomycin. For mating experiments liquid cultures of P. citronellolis Sm r and E. coli S 17-1 (pUT mini Tn5 Tc) were mixed 1:1 and 500 lL of the mixture were spotted on a NB plate. After 17 h of incubation at 30°C, cells were resuspended with 4 mL 10 mM MgSO 4 and 100 lL aliquots were plated on selection medium containing 15 lg/mL tetracycline and 300 lg/mL streptomycin. Colonies of arising transconjugants appeared within 3 days at 30°C and were purified on selection medium and subsequently tested for their ability to utilize selected carbon sources.
Isolation of membranes
Late exponential cells were collected by centrifugation at 4°C and washed with ice cold mineral salts medium without carbon source. The pellet was resuspended in 1 mL per g cells buffer A containing 0.1 M Tris, 10 mM MgSO 4 , 10% (v/v) glycerol, 5 mM 2-mercaptoethanol, pH 7.4. The suspension was passed two times through a French press cell at 800 psi. Cell debris were removed by centrifugation 15 min at 10,000g and 4°C. The supernatant was centrifuged at 80,000g in a Beckman rotor Ti 50 for 1 h at 4°C. The membrane pellet was resuspended in maximal 400 lL of buffer A. MQO activities of membranes and supernatant fraction were measured by reduction of 2,6,-dichlorphenolindophenol (DCPIP) at 600 nm and at 30°C (e, 22 cm À1 mM À1 [8] ). The assay mixture contained (in 1 mL of 50 mM Hepes, pH 7.5) 10 mM potassium acetate, 10 mM KCN, 30 lL of 5 mM DCPIP, 10 lL of 500 mM 2,3-dimethoxy-5-methyl-1,4-benzoquinone (Q 0 ) and 5-50 lL enzyme solution (modified according to [9] ). The assay was started by addition of 20 lL of L-malate (50 mM). One unit corresponds to oxidation of 1 lmol malate per minute. In some reactions, it was necessary to increase the concentration of DCPIP due to high endogenous DCPIP bleaching activity of the cell extracts.
Cloning procedures
The Tn5-Tc containing DNA fragments were cloned from PstI digests of chromosomal DNA isolated from the respective mutant. DNA fragments of the desired size (determined by Southern hybridization with Tn5-Tc as a DNA probe) were isolated from agarose gels, ligated to PstI-linearized pBluescriptSK+ and transformed to E. coli JM109. Tc-resistant colonies of transformants were used for plasmid isolation and DNA sequencing with T3/T7 and mini-Tn5-Tc-specific primers. The site of mini-Tn5-Tc insertion in the P. citronellolis genome was determined by comparing the DNA sequence flanking Tn5-Tc with DNA sequences of mini-Tn5 and with the genome sequence of the closely related P. aeruginosa PAO1. DNA sequencing, restriction analysis, PCR and electrophoretical techniques were done by standard procedures [10] . Southern blot analysis was performed with PCR-amplified and DIG labelled tetracycline resistance gene using TcFw (5 0 -AATGCGCTCATCGTCATCCTCGG) and TcRev (5 0 -CGATCCTTGAAGCTGTCCCTGA) as primers. A 2.4 kbp SacII genomic DNA fragment of P. citronellolis containing the mqoB gene fragment was identified by Southern blot analysis using the miniTn5-harbouring PstI-fragment from mutant #19-1-1 as a probe. SacII fragments of 2.4 ± 0.6 kbp in size were cloned into pBBSSK+ and transformed into E. coli JM 109. The clones were analyzed by colony hybridization using a 490 bp DNA fragment as a probe generated by PCR from genomic DNA using PcMqo-Fw (5 0 -CCGTCGGCCTGTCACACCC) and PcMqo-Rev (5 0 -CGTTGATCTGCACCGCTTTCTTG) as primers which were derived from sequencing of the miniTn5-insertion sites. The mqoB containing SacII-fragment was then cloned in pBBR1MCS-2. The mqoB gene of P. aeruginosa PAO1 was amplified using PaMqo-Fw (5 0 -CCCAAGCTTGGGGCCGCATGACCCCGCAC-GA) and PaMqo-Rev (5 0 -GCTCTAGAGCCGGCGC-CTGACTCCACAAATGAAC) as primers inserting a restriction site of HindIII and XbaI for later cloning. The PCR product was digested with HindIII and XbaI and was cloned into pBBR1MCS-2.
Results
3.1.
Isolation of a spontaneous streptomycin resistant mutant of P. citronellolis A mutant of P. citronellolis wild type with ability to grow in the presence of at least 300 lg/mL streptomycin was isolated (P. citronellolis Sm r ) as described in materials and methods. Repeated passages on NB medium without streptomycin did not lead to loss of the resistance and indicated that the mutation to the streptomycin resistant phenotype was stable. P. citronellolis Sm r could not be distinguished from the wild type with respect to growth on NB or mineral salts medium supplemented with citronellol, citronellic acid, succinate, acetate or glucose. However, growth in the presence of 300 lg/mL streptomycin was slightly slower compared to the wild type without streptomycin.
Isolation of Tn5-Tc-induced mutants of P. citronellolis Sm r impaired in citronellol utilization
Tn5-Tc induced mutants of P. citronellolis Sm r were generated by conjugation with E. coli S17-1 (pUT miniTn5-Tc) as described in materials and methods and selected on NB-Sm-Tc agar. About 6000 of the obtained mutants were tested for utilization of citronellol, citronellic acid, succinate and glucose. In total, 27 mutants were identified which were impaired in growth on citronellol and/or citronellic acid. Three classes of mutants were obtained: 19 mutants (0.32%, class I) were strongly impaired in growth on citronellol and on citronellic acid while eight other mutants (0.13%, class II) grew normally on citronellic acid but did not grow on citronellol anymore. Additional mutants that could not growth on neither citronellol and citronellic acid nor on succinate or glucose were also obtained (0.12%, class III). Class III mutants apparently represent auxotrophs and were not further analyzed. Mutants with growth inhibition on citronellic acid but with normal growth on citronellol were not isolated. Although class I mutants were strongly reduced in growth on citronellol and citronellic acid a very faint growth was observed for some mutants after prolonged time of incubation on solid media (about one week) with citronellol or citronellic acid as a carbon source.
Two class I mutants, #19-1-1 (no residual growth on citronellol) and #27-1-1 (residual growth on citronellol after 1 week), were selected for further characterization.
Both mutants grew almost normally on NB medium and on glucose-containing mineral salts media but showed strongly reduced growth on linear terpenes such as citronellol, citronellic acid, geraniol and geranic acid. When growth of both mutants on C 4 -and C 2 -compounds was tested on solid media hardly any growth occurred on acetate and growth on succinate was reduced. When growth of the mutants was analyzed in liquid cultures on mineral salt medium with succinate, malate or acetate as sole sources of carbon and energy a significant increase of the doubling times compared to the wild type were found for succinate (1.9, 4.3 and 4.3 h for wild type, mutant #19-1-1 and #27-1-1, respectively), and for malate (1.4, 6.5 and 5.8 h; Fig. 1) . A very long lag-phase of about 50 h and doubling times of %23 h was found for mutant #27-1-1 on acetate in comparison to the wild type (t d , 3.5 h). Mutant #19-1-1 did not grow above 100 Klett units within 120 h. These results suggested that the gene(s) affected by the transposon is (are) not directly involved in the degradation pathway of citronel- lol but apparently are necessary for anaplerotic reactions during growth on acetate and that linear monoterpenes such as citronellol and citronellic acid are metabolized via C 2 compounds, e.g., acetyl-CoA as suggested by Seubert and coworkers.
3.3. Identification of the miniTn5 insertions sites in mutant #19-1-1 and #27-1-1 A 3.0 kbp PstI fragment (mutant #19-1-1) and a 2.9 kbp PstI fragment (#27-1-1) were identified as the sites of miniTn5 insertion by Southern hybridization of chromosomal DNA of the two mutants with a mini-Tn5-specific DNA probe (data not shown). The two respective DNA fragments were cloned in pBluescript SK+ and transformed to E. coli JM109. The positions of mini-Tn5 insertion sites were identified by DNA sequencing of the respective recombinant plasmids. The translated DNA region around the miniTn5-insertion site in mutant #19-1-1 was highly similar to malate:quinone oxidoreductase B gene (mqoB) of P. aeruginosa and of other bacteria. In mutant #27-1-1, the transposon insertion site was 25 bp upstream of the beginning of the same open reading as in the other mutant (#19-1-1). Due to a PstI site 459 bp downstream of the start codon of the putative mqoB gene two different (adjacent) PstI fragments had been identified by Southern hybridization with the mini-Tn5-specific DNA probe.
3.4.
Cloning of the mqoB genes of P. aeruginosa and of P. citronellolis
To verify that inactivation of the putative mqoB gene by mini-Tn5 was responsible for the observed phenotype the mqoB genes of P. aeruginosa PAO1 and of P. citronellolis were cloned and used for complementation studies. The mqoB gene of P. aeruginosa was cloned by PCR using mqoB-specific primers derived from the genome sequence of P. aeruginosa PAO1. The mqoB gene of P. citronellolis was cloned and identified by colony hybridization of a library of P. citronellolis genomic DNA using a PCR product as DNA probe that had been obtained with oligonucleotides derived from sequencing of the mini-Tn5 insertion site of both mutants. A 2.1 kbp PCR fragment (P. aeruginosa) and a 2.4 kbp SacII fragment (P. citronellolis) that harboured the two respective Fig. 2 . Multiple sequence alignment of the mqoB encoded protein of P. citronellolis with related proteins. ClustalX program was used for alignment. Identical amino acids are shaded in black, similar are shaded in grey. P. citronellolis mqoB, P. aeruginosa PAO1 mqoB, P. putida KT2440 malate:quinone oxidoreductase, P. fluorescens Pfo-1 predicted dehydrogenase and Corynebacterium glutamicum malate:quinone oxidoreductase.
mqoB genes were obtained. The DNA sequence of the P. citronellolis 2.4 kbp SacII fragment was determined. The DNA sequence contained one large open reading frame (ORF, 1485 bp, Accession No. AY909610) that coded for a 54.5 kDa peptide. A 100% sequence identity of a 630 bp and a 577 bp long region to the sequences of the miniTn5-Tc insertion site in mutants #19-1-1 and #27-1-1 confirmed that the cloned gene was identical to the gene marked by the insertion of miniTn5 in both mutants. The deduced amino acid sequence of the identified ORF showed high similarity to mqoB of P. aeruginosa (74% identity, Accession No. NP_253330), Pseudomonas putida KT2440 (72%, NP_742912), Pseudomonas fluorescens Pfo-1 (70%, ZP_00263866), Corynebacterium glutamicum ATCC 13032 (47%, NP_601207) and to mqoB genes of several other bacteria (Fig. 2) .
Complementation of mutants #19-1-1 and #27-1-1 by mqoB
The mqoB genes of P. aeruginosa and of P. citronellolis were cloned each into broad host range vector pBBR1MCS-2 and the resulting hybrid plasmids pSK2713 (P. aeruginosa mqoB) and pSK2935 (P. citronellolis mqoB) were transferred from E. coli S17-1 to P. citronellolis mutant #19-1-1 and mutant #27-1-1 via conjugation. Transconjugants of mutant #19-1-1 and #27-1-1 harbouring mqoB from P. aeruginosa or from P. citronellolis were tested for growth on solid mineral salts medium with citronellol, citronellic acid, succinate, malate and acetate. All four transconjugants showed good growth on the tested carbon sources and could not be distinguished from the corresponding wild types. When the transconjugants were grown in liquid culture on acetate, succinate or malate wild type growth rates were restored (data not shown). No significant difference between complementation of the mutants by mqoB of P. citronellolis or by mqoB of P. aeruginosa was detected.
Determination of malate:quinone oxidoreductase and of malate dehydrogenase activities
Malate:quinone oxidoreductase activities of P. citronellolis Sm r , of mini-Tn5 mutants #19-1-1 and #27-1-1 and of the respective transconjugants harbouring wild type mqoB on pBBR1MCS-2 were determined for soluble cell extracts and of the membrane fraction. Since the mini-Tn5 mutants could not (hardly) grow on citronellol or on acetate cells were grown with glucose or malate as carbon sources for determination of enzyme activities. As shown in Table 2 membrane fractions generally yielded higher specific activities of malate:quinone oxidoreductase compared to soluble cell extracts; activities in glucose-grown cells mostly were lower compared to malate-grown cells and amounted about 40-80% of the activities measured for malate-grown cells. Mqo activities of the mutants #19-1-1 and of #27-1-1 were drastically reduced compared to the wild type and amounted less than 5% of the respective wild type activities in most experiments. In the membrane fraction of malate-grown #27-1-1 cells, Mqo activity was reduced only to 25%. In transconjugants that harboured an intact copy of mqoB malate:quinone oxidoreductase activities were restored to the level of the wild type or were even higher and indicated that mqoB was actively transcribed and translated in the transconjugants. When the wild type was grown on citronellic acid and on isovaleric acid very high specific activities were determined (730 and 580 mU/mg, respectively) in the membrane fraction. NAD-dependent malate dehydrogenase (MDH) activities generally were very low in wild type and in mutants (<30 mU/mg).
3.7. Utilization of citronellol is impaired by mutation of mqoB in P. aeruginosa
The effect of a mutation in mqoB in P. aeruginosa has been analyzed by Kretzschmar et al. [15] . They found that mqoB is necessary for growth on ethanol and acetate. Effect of mqoB mutation in P. aeruginosa on utilization of linear terpenes was not investigated. When we tested P. aeruginosa mqoB mutants MS7 and UK2 for utilization of citronellol and citronellic acid both mutants were unable to utilize these linear terpenes. The wild type of P. aeruginosa (strain PAO1) grew well on citronellol and citronellic acid. Apparently, MqoB activity is necessary during growth on linear monoterpenes in P. aeruginosa as well as in P. citronellolis.
Discussion
In this study, mini-Tn5-mutagenesis of P. citronellolis was performed to identify genes responsible for utilization of citronellol, geraniol and other linear terpenes. Malate:quinone oxidoreductase gene (mqoB) was identified as the target of mini-Tn5 in two independently isolated mutants with strong effects in growth on citronellol, citronellic acid, geraniol and geranic acid. Physiological analysis of both mutants showed additional severe growth effects during utilization of acetate and minor effects during growth on metabolites of the citric acid cycle such as succinate and malate. These data suggest that mqoB is indirectly responsible for utilization of linear terpenes. Since linear monoterpenes (citronellol) are degraded via acetate and acetyl coenzyme A [1] [2] [3] [4] [5] and since utilization of acetate requires anaplerotic reactions MqoB apparently is essential for operating a functional glyoxylate cycle. This is supported by the finding of extreme low malate dehydrogenase specific activities (<30 mU/mg). Interestingly, specific MqoB activity was significantly higher in membranes of citronellic acid grown cells (720 mU/mg) compared to acetate-grown cells (55 mU/mg) suggesting the presence of a specific upregulation of mqoB expression by citronellic acid or related metabolites. Comparable high MqoB activities have been published for P. aeruginosa PAO1 after growth on acetate (121 mU/mg), malate (88 mU/mg) or ethanol (84 mU/mg) [15] . The authors concluded that MqoB is required during growth on C 2 -compounds and that malic enzyme and pyruvate carboxylase can only partially compensate for the loss of MqoB activity. Our results are in agreement with these findings.
Preliminary inspection of the other class I (citronellol and citronellic acid negative) and class II mutants (only citronellol negative) obtained in this study indicated that several other gene loci were affected in these mutants (unpublished results). We speculate that in some of these mutants the genes responsible for the oxidation of citronellol to citronellic acid and for the conversion of citronellic acid to acetyl coenzyme A could be inactivated by the transposon. Recently, Diaz-Pérez et al. [16] proposed that the genes PA2011-PA2015 of P. aeruginosa genome represent an operon harbouring the genes responsible for citronellol utilization in P. aeruginosa. It will be the aim of future studies to investigate the homologies and differences in the genomic organization of genes in P. aeruginosa and P. citronellolis specifically involved in utilization of linear terpenes.
